one or both of the two enzymes needed for the synthesis of this sugar nucleotide from uridine diphosphate N-acetylglucosamine; these results establish the physiological role of the pathway studied for the biosynthesis of N-acetylmannosammnuronic acid residues. The levels of these enzymes were not reduced in rfe mutants or rfb deletion mutants, although they produced no or only traces of the common antigen.
The enterobacterial common antigen (ECA) was discovered in Escherichia coli by Kunin in 1962 (5) . It is found in many species of bacteria belonging to the family Enterobacteriaceae (8) . It has been found to exist in two forms, an immunogenic form and, more commonly, a haptenic non-immunogenic form (8) . Mayer has found that the latter form was a glycolipid. Two sugars, mannosaminuronic acid and glucosamine, each constitute about 25% of the weight (8) . Palmitic acid (C6eo) was also present.
It has been recently shown that two gene clusters, rfe and rff, are involved in the biosynthesis of ECA (10) . Both rfe and rffare linked to ilv at min 122 on the Salmonella chromosome map. In group B Salmonella such as Salmonella typhimurium, a gene(s) in the rfb region (located at min 65) is also required (Fig. 1) . Thus extended deletions in the rfb gene cluster of S. typhimurium LT2 produce strains with trace amounts of ECA (10) . In addition, these strains were unstable, and during storage secondary mutations at the rff locus accumulated, completely abolishing the synthesis of ECA. Although rff mutations map very close to the rfe locus, they are different in the sense that the fonner affects only ECA biosynthesis whereas the latter is also necessary for the biosynthesis of various other polysaccharides such as 0-side chains in group L and group C1 Salmonella, and T1 side chains (8, 9) . A prime candidate for the function of rff is the synthesis of mannosaminuronic acid, a unique component of ECA.
Mannosaminuronic acid has been found in the cell wall of Micrococcus lysodeikticus (14) , in the capsular material of some E. coli strains, and in the cell wall of Staphylococcus aureus (17) . Ichihara et al. have shown that the nucleotide derivative of mannosaniunuronic acid, uridine diphosphate N-acetylmannosaminuronic acid (UDP-ManNAcUA), is synthesized from uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) in E. coli 014 (3). The pathway involves two enzymes, an epimerase which converts UDP-GlcNAc to uridine disphosphate Nacetylmannosamine (UDP-ManNAc) and a dehydrogenase which oxidizes the UDP-ManNAc to UDP-ManNAcUA using oxidized nicotinamide adenine dinucleotide (NAD+) as a cofactor. In this study we measured the activity of these two enzymes in various mutants and discovered that the rff gene cluster is indeed necessary for these activities.
MATERIALS AND METHODS
Bacteria. All strains were derived from S. typhimurium LT2.
Preparation of soluble enzyme fraction. Bacteria were grown in L-broth (1) for 30 min, the reaction was terminated by boiling for 1 min. The protein precipitate was removed by centrifugation, and the supernatant was chromatographed for 24 h in solvent A. The region (RUDP-GICNAC = 0.55) corresponding to UDP-ManNAcUA was cut, and the radioactivity was determined by liquid scintillation counting.
RESULTS
Synthesis of UDP-ManNAcUA from UDP-GIcNAc. In preliminary experiments, we found that UDP-GlcNAc was converted into a UV-absorbing compound, nucleotide-X, when incubated with soluble enzyme fractions of ECA+ S. typhimurium. Nucleotide-X was made on a preparative scale. The reaction mixture contained, in a final volume of 0.2 ml: Trishydrochloride (pH 8.6), 10 eX were lyophilized, dissolved in water, and lyophilized again. Based on radioactivity, the final yield was 100 nmol (30,000 cpm) of nucleotide-X.
Nucleotide-X was initially characterized by descending paper chromatography in solvent B (15) . A UV-absorbing spot migrating at RUDPGICNAC = 0.2, a value expected for UDPManNAcUA (15), was observed. The UV-absorption spectrum of the nucleotide showed it to be a uridine nucleotide. To identify the sugar moiety, nucleotide-X was hydrolyzed in 1 N HCI for 25 min at 1000C and subsequently evaporated to dryness under vacuum over KOH pellets. The hydrolysate was dissolved in water and subjected to paper electrophoresis in solvent E (Fig. 2) . Two ninhydrin-stainable amino sugars were observed. One of the amino sugars, migrating at position I, corresponds to the "free form" of 2-amino-2-deoxy-D-mannosaminuronic acid when compared to the standard. The second spot, at position III, moved to the same region as the positively charged 3,6-lactone of the Dmannosaminuronic acid standard. Furthermore, radioactivity was detectable only in the two ninhydrin-stained spots. These results identify the sugar moiety of nucleotide-X as being a hexosaminuronic acid or its acetylated form; however, solvent E does not differentiate mannosaminuronic acid from other hexosaminuronic acids. Consequently, the hydrolysate was subjected to paper electrophoresis in solvent F ( (8) . The compounds were detected by ninhydrin, except N-acetylglucosamine, which was detected by the procedure ofMorgan and Elson as described by Neuberger and Marshall (12 (11) , and this identifies the sugar moiety of nucleotide-X as mannosaminuronic acid or its acetylated form. Evidence that it is in the acetylated form comes from electrophoresis of the intact sugar nucleotide in solvent E. Nucleotide-X migrated to a position ahead of UDP towards the anode, a result indicating that the sugar X is negatively charged and that the nucleotide is UDP rather than UMP. We therefore conclude that UDP-GlcNAc is converted into UDPManNAcUA by an enzyme system in S. typhimurium, thus confirming in a different organism the observation of Ichihara et al. (3) made with E. coli.
Under our conditions, the reaction was proportional to the amount of enzyme added, up to 700 jug (Fig. 4) , and we routinely used 450 to 500 jig. It was proportional to the incubation time up to 30 min (Fig. 5) h Strains bearing his mutation numbers are deletion mutants in the his-rfb region of the chromosome, characterized earlier (13) and described in Fig. 1 . Strains with extensive deletions ("his-399," "-809," "-386," and "-519") have added rff mutations, as shown; nevertheless these strains were designated by their his deletion numbers in quotation marks, to facilitate comparison with earlier papers. SH4865 and SH4892 are a nearly isogenic pair, one containing a rfe mutation; for details see Lew, Nikaido, and P. H. Makela, manuscript in preparation.
the genes for CDP-abequose biosynthesis (e.g., his-801, his-515) and were rff' and capable of synthesizing ECA were found to synthesize UDP-ManNAcUA. All deletion mutants, which had deletions extending beyond rfbF gene (e.g., "his-399," "his-8)9," "his-519") and had accumulated secondary rff mutations (10) Normal levels of enzymatic activity were found in an rfe mutant derived from LT2, as well as its isogenic rfe' recombinant (see SH4865 and SH4892, Table 1 ). Evidently, mutations at the rfe locus do not impair UDP-ManNAcUA synthesis. Additional evidence supporting this conclusion comes from similar results obtained with a Salmonella montevideo strain containing another rfe mutation (rfe-3623) (data not shown).
Synthesis of UDP-ManNAc from UDPGlcNAc. Because the conversion of UDPGlcNAc to UDP-ManNAcUA involves two enzymatic steps (4), the mutants described above could be defective in either one or both enzymes. Consequently, the UDP-GlcNAc epimerase was assayed by a modification of the method of Kawamura et al. (4) (see Materials and Methods). Under our conditions, the reaction was proportional to the amount of enzyme added, up to 300 ,tg (Fig. 6) , and we routinely used 150 to 200 itg. It was proportional to the incubation time up to 30 min (Fig. 7) . At initial UDPGlcNAc concentrations of 0.4 mM and above, the ratio of UDP-ManNAc to UDP-GlcNAc after extensive incubation was about 1:10, in agreement with the equilibrium ratio determined by Kawamura et al. (4) . Much (Table 1 , column C). All of the rf mutants that had normal levels of UDP-GlcNAc 2-epimerase activity were found to be missing the dehydrogenase activity. Mutant "his-809h was the only rif mutant lacking activity in both enzymes, although "his-399" lacked dehydrogenase activity but contained a low level of 2-epimerase activity. When the rff' allele was reintroduced into two rif mutants, the dehydrogenase activity was restored (see SH5803 and SH5805, Table 1 ). Finally, the rif mutants, derived from these rr rfb. strains by selection to resistance to sodium dodecyl sulfate, were found lacking dehydrogenase activity (see SH5817 and SH5824, Table 1 ).
The dehydrogenase activity measured in riff strains was only one-third the activity of the conversion of UDP-GlcNAc to UDP-ManNAcUA in these same strains. The reason for this observation is that we are not measunng the dehydrogenase activity under the optimum conditions. The first step of the assay converts less than 10% of UDP-GlcNAc to UDP- 
